Applying the discharge crucible (DC) method, the viscosity, density, and surface tension were determined for Sn-9Zn and Sn-2.92Ag-0.4Cu-3.07Bi (SAC + Bi) alloys. For comparison, the dilatometric, maximum bubble pressure, and capillary flow methods were used for measurements of these same physicochemical properties for the Sn-2.92Ag-0.4Cu-3.07Bi (SAC + Bi) alloy. The measurements were performed for Sn-9Zn and SAC + Bi alloys in the temperature range from 513 K to 723 K and 530 K to 1180 K, respectively. The experimental data obtained show that addition of Bi to SAC increases the density and decreases the surface tension and viscosity in comparison with SAC solder. Additionally it was found that the properties studied by different methods (maximum bubble pressure, dilatometric, capillary flow, and discharge crucible) were almost identical.
INTRODUCTION
Over the past 20 years, researchers have invested a lot of effort in identifying substitutes for lead solders, as they are harmful to the environment. This trend was reinforced in Europe by the EU RoHS and WEEE directives. Based on the analysis of many binary and ternary systems, two groups of alloys are considered as potential replacements for lead solders. The first group are alloys based on the Sn-Ag-Cu system (SAC) with addition of different metals. [1] [2] [3] [4] [5] [6] Sn-Zn alloys with additions such as Cu, Ag, In, Sb, and Bi [7] [8] [9] [10] [11] [12] [13] form the second group. Studies of the mechanical and technological properties (wettability, wear, etc.) conducted for SAC alloy by Zhao et al. 14 and Kim and Jung 15 showed that most investigated properties are similar to those of eutectic Sn-37Pb solder.
In an earlier paper, 16 measurements of surface tension, density, and viscosity were presented together with their temperature dependences for SAC and SAC + In. Complete description of the experimentally obtained mechanical properties, physicochemical and technological advances for SAC alloy with higher Cu content provides greater opportunities to use this alloy in industry. It was shown that addition of up to 3 at.% Cu to the Ag-Sn eutectic steadily increased the density and viscosity of the alloy but did not significantly change the surface tension or contact angle. Very good agreement was observed between experimental data for the same physical properties as determined by different measurement methods. Thermodynamic data of the Ag-Cu-Sn system were used by Moon et al. 17 for calculation of the phase equilibria, and these data are used for the calculation of the melting temperature of various compositions as well as modeling of physicochemical properties.
Wide use of Sn-Zn-based solders is strongly limited by their oxidation. Addition of Ag, Bi, In, Cu or Sb is explored in order to minimize oxidation of Sn-Zn near-eutectic solders. Moreover, as shown by Jiang et al., 18 these additives increase the mechanical properties and decrease the surface tension, wetting angle, and electrical resistance of the binary alloy. Addition of Bi to eutectic Sn-Zn alloy results in an improvement in the oxidation performance.
Study of the wettability of Sn-Zn alloys on Cu and Ni substrates by Zhang et al. 7 showed that the contact angle (wettability) of Sn-9Zn alloy is about three times higher at 250°C compared with that of Sn-37Pb alloy. As shown by Garcia et al., 10 increase of the Zn content in the Sn-9Zn alloy does not improve its wettability. The advantage of Bi addition to the eutectic Sn-9Zn solder was shown by Suganuma and Kim, 9 who found that small Bi additions to Sn-Zn alloy decrease its melting temperature and increase its mechanical properties. Since addition of Bi to Sn-Zn eutectic alloy results in an improvement in mechanical properties, it is important to check the effect of such addition to SAC alloy on other properties. Comparative study of the influence of 3 mass% Bi on the mechanical and technological properties of SAC and eutectic Sn-Zn solders was performed by Nakagawa et al. 19 The results showed that, when soldering on Pd and Au substrates, SAC was characterized by higher mechanical properties than Sn-Zn-3Bi; results for Ni substrates were comparable. Additionally, modification of the Sn-Zn eutectic by Bi addition led to increased mechanical properties of the soldered substrates in comparison with binary eutectic Sn37Pb in the case of all tested substrates. In the cited papers, the Young's modulus for the different alloys is given as 38.5 GPa for SAC, 23.1 GPa for Sn-Zn3Bi, and 25.6 GPa for Sn-37Pb. It can be seen that the value of the modulus is similar for the Sn-Zn3Bi and Sn-37Pb alloys. Analysis of the effect of the Bi concentration in quaternary Sn-Ag-Cu-Bi solders on various properties was conducted by Hwang 20 and Takao et al. 21 They suggested that the optimal concentration of Bi should be located in the range of 1 mass% to 3.1 mass%. In this study, the effect of bismuth addition to SAC and Sn-Zn eutectic alloys is reported. The density, surface tension, and viscosity were measured using the discharge crucible (DC) method. These physical property results are compared with earlier experimental data determined by other methods.
EXPERIMENTAL PROCEDURES
Binary and quaternary alloys were prepared by melting accurately weighed amounts of high-purity metals (Sn, Zn, Cu, Bi; 99.999%) in a glovebox under a protective atmosphere of high-purity argon, with water vapor, nitrogen, and oxygen concentrations lower than 1 ppm to avoid oxidation of the liquid alloys. The Sn-2.92Ag-0.4Cu-3.07Bi (wt.%) solders (further referred to as SAC + Bi) were melted in a graphite crucible and after casting used for measurements of surface tension by the maximum bubble pressure (MBP) method, density by dilatometer (Dl) technique, 22 viscosity by capillary flow (CF) method, 39 and density, viscosity, and surface tension by the DC method, as described in detail elsewhere. 23, 24 In this study, the Sn-9Zn alloy sample was investigated by the DC method only. This method is based on the relation describing the volumetric flow rate of liquid, Q, exiting a crucible through an orifice and is mathematically described using the Froude (Fr) and Bond (Bo) numbers as follows:
Fr ¼
If the relationship between C d and Re (the Reynolds number) is described using a cubic polynomial, then the height of the melt in the crucible can be written as
where q is the density of the liquid (kg/m 3 ), g is the gravitational acceleration (m/s 2 ), r 0 is the radius of the orifice at the bottom of the crucible (m), r is the surface tension (mN/m), Q is the free flow (m 3 /s), C d is the discharge coefficient determined for a given crucible based on the free flow of liquids of known density, viscosity, and surface tension, and a 1 , a 2 , and a 3 are constants in the polynomial describing C d versus Re.
The cumulative weight of liquid, C m , i.e., the mass of liquid that flows freely from the crucible in time t, is measured in the course of an experiment, being commonly described by a polynomial of order 2 to 4 (Eq. 5):
and used for the calculation of free flow Q according to Eq. 6:
Based on the Hooke-Jeeves method, 25 numerical solutions of Eq. 4 for each alloy were conducted, and the density, surface tension, and viscosity were calculated. 23, 24 The crucibles used in these experiments have the same dimensions as those used in our previous work. 23 The study was conducted for Sn-9Zn and SAC + Bi in the temperature range of 513 K to 723 K and 530 K to 1180 K, respectively. They were also studied by dilatometric (density), MBP (surface tension), and CF (viscosity) methods 22, 23 in a protective atmosphere of high-purity Ar and in the same laboratory as these investigations. The temperature dependences of density and surface tension were described by a linear relationship and the viscosity by an Arrhenius equation; they are presented in Table I along with estimated errors of the equation parameters and values calculated at the temperature of 623 K.
RESULTS AND DISCUSSION
The experimental results for the studied alloys together with literature data are presented in Figs. 1-7 . Table I presents the regression equations describing the temperature dependences of the measured quantities.
The experimental results for the density and surface tension of Sn-9Zn alloy obtained using the DC method are presented in Figs. 1 and 2 , respectively, along with literature data. 22, 23 The literature data were obtained using dilatometric and MBP methods for density and surface tension, respectively. The density results of this study obtained by the DC method are almost the same as those measured by Moser et al. 23 for 9.9 wt.%, slightly higher than those of Pstruś et al. 22 for 10 wt.% Zn, and slightly lower than those of Moser et al. 23 for 7.1 wt.% Zn. As seen from Fig. 1 , the density of Sn-Zn alloy decreases with increase in Zn content.
Addition of zinc has the opposite effect on the surface tension of Sn-Zn liquid alloys, as shown in Fig. 2 . The plotted results were obtained by the DC (this study, Sn-9Zn) and MBP methods. 22, 23 As for the density, the experimental data for surface tension of the Sn-9Zn alloy from this study agree very well with those measured by Moser et al. 22 and are lower than those obtained by Pstrus et al. 22 for Sn-7.1Zn and higher than those for Sn-10Zn alloys.
Taking into consideration that the experimental error of the MBP method does not exceed 3% for the surface tension and 1.5% for the density measurements by dilatometric method, 27 one can stay that the results from each of these different experimental methods are highly consistent with those obtained by the DC method.
The viscosity data for Sn-9Zn are shown in Fig. 3 along with literature data measured by different and are comparable to those for Sn. 19 The calculation of the density of Sn-9Zn and SAC + 3.07Bi alloys using the rule of mixtures for Sn-9Zn and SAC + 3.07Bi is based on the following relation:
where q i is the density of pure metal and X i is its mole fraction; the temperature dependence of density for pure metals, applied in Eq. 7, was taken from literature as follows: Ag, 30 Bi, 31 Cu, 32 Sn, 23 Zn.
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Sn2.56Ag0.27Cu11.45Bi, [35] Sn3.13Ag0.58Cu3.51In, [6] Sn3.04Ag0.41Cu, [16] Sn10Pb, [34] SAC+3%Bi SAC+3%Bi Fig. 5 . Temperature dependence of density of SAC + 3Bi alloys obtained by two measurement methods (DC, Dl) in this study along with literature data. 6, 16, 27 A comparison between the calculated results based on Eq. 7 and the measured values for SAC + 3.07Bi and Sn-9Zn is shown in Fig. 4 . In the case of binary Sn-9Zn alloy, the calculated density is almost the same as that measured by the DC method, and in the case of the quaternary (SAC + Bi) alloy the experimental data are slightly lower than the values calculated using Eq. 7. However, the calculated data are within the measurement error limits.
The density of SAC + 3Bi alloy measured in this study is shown in Fig. 5 , together with literature data. 16, 34, 35 The experimental values obtained by the DC and Dl methods are almost identical and in very good agreement with literature values for Sn10Pb solder 34 over the entire temperature range. The increase in density with an increase in Bi concentration in the SAC + Bi alloy was also observed in Ref. 35 , and the values measured in this study for SAC + 3Bi alloy are slightly higher than those for SAC ($2%). 16 Addition of Bi to the SAC resulted in a small decrease of the surface tension in comparison with SAC, 16 as shown in Fig. 6 . The values of surface tension of SAC + 3Bi are lower compared with Sn-10Pb by about 5% throughout the temperature range. The same effect of decreasing surface tension with increasing Bi concentration was observed by other authors. 35 This effect can be explained by enrichment of Bi in the surface layer. Because bismuth has the lowest surface tension of the four metals of the alloys (r Bi < r Sn < r Ag < r Cu ), 36 the system seems to lower its energy by segregating the component with the lowest surface tension to the surface. 37 In Fig. 7 , the viscosity measurements of SAC + 3Bi are compared with literature data and values measured by different methods. It can be seen that the viscosity values obtained by the DC and CM methods are almost identical. The viscosity values of the SAC + Bi alloy show that Bi addition decreases this property of the SAC solder by about 10%. It should also be pointed out that the viscosity of SAC + Bi alloy reported in this study and that of SAC 16 are comparable to those for Sn-10Pb solder, 38 and Sn-16Pb, 39 and Sn-40Pb solder, 38 respectively.
CONCLUSIONS
Using DC, dilatometric, MBP, and CF methods, measurements of density, surface tension, and viscosity were performed for SAC-3.07Bi solder.
The values obtained for these physicochemical properties by two methods showed excellent agreement with each other, and the observed differences between the measured quantities were lower than 1%. The results are also comparable to those in the literature.
Addition of Bi to SAC alloy results in an increase in the density and a decrease in the viscosity and the surface tension of the alloy in comparison with the base alloy. Similar trends are reported when Bi is added to Sn-Zn. The SAC + Bi alloy studied here showed property values very similar to those of PbSn solder alloys over a large temperature range.
Furthermore, Hwang 19 reported that a quaternary Sn-Ag-Cu-Bi alloy with composition 93.3Sn-3.1Ag-0.5Cu-3.1Bi, close to that studied in this work, offered the best balance between melting temperature, strength, plasticity, and fatigue life. Temperature, K 
